During a recent long-range acoustic communication experiment carried out in deep water, multicarrier Orthogonal Frequency Division Multiplexing (OFDM) communication signals were transmitted with a 50 Hz bandwidth (225-275 Hz) at various source-receiver ranges from 100 to 700 km. The experiment consisted of two mobile components: (1) a source towed slowly at a speed of 2-3 knots at $75 m depth and (2) a horizontal line array towed at 3.5 knots at a depth of $200 m. In addition to beamforming, an interleaver gain is exploited to compensate for low signal-to-noise ratio at the expense of data rate while providing diversity in the frequency domain. Error-free performance is shown at effective data rates of 15 and 7.5 bits/s at ranges of 550 km and 700 km, respectively, by combining interleaved repetitions with low-density parity-check coding after beamforming, demonstrating the feasibility of multi-carrier OFDM communications in deep water using a towed horizontal array.
I. INTRODUCTION
While most research activities in underwater acoustic communications predominantly have been in shallow water, a recent long-range acoustic communication experiment (LRAC10) was carried out in deep water off the Southern California Coast. 1 The LRAC10 experiment was unique in that it involved two mobile components separated by substantial distance: (1) a source towed slowly at a speed of 2-3 knots at a depth of 75 m and (2) a horizontal line array towed at 3.5 knots at a depth of $200 m. While the horizontal towed array was critical for SNR improvement, it provided little opportunity for spatial diversity to cope with channel fading as opposed to a fixed vertical array. Source-receiver motion also is quite challenging in underwater acoustic communications due to the extreme sensitivity to Doppler which is a consequence of the relatively slow propagation speed ($1500 m/s). During LRAC10, both single-carrier and multi-carrier waveforms were transmitted at various ranges from 100 to 700 km. Initial analysis of the LRAC10 data demonstrated a data throughput of 50 bits/s using a single carrier waveform, 100 Hz bandwidth (200-300 Hz), and quadrature phase-shift keying (QPSK) modulation at $550 km range. 1 Orthogonal Frequency Division Multiplexing (OFDM) referred to as multi-carrier modulation is widely used in wireless communications including the next generation of cellular networks. 2 The basic idea is to convert a singlecarrier intersymbol interference (ISI) channel into parallel ISI-free sub-channels. In addition, time-varying channels easily can be dealt with by updating channel estimates on a block-by-block basis. OFDM has attracted attention recently in underwater acoustic communications due to its robustness in dispersive channels. [3] [4] [5] Kang et al. 3 demonstrated that single-input multiple-output OFDM (single source transducer to multiple receiving hydrophones) can achieve a data rate of 10 kbits/s using an 8 kHz bandwidth (12-20 kHz) at a range of 8 km in shallow water. On the other hand, a multiple-input multiple-output OFDM technique has been employed to demonstrate a data rate of up to 125.7 kbits/s using a 62.5 kHz bandwidth (80-140 kHz) at short range (450 m). 4 In a somewhat different application, OFDM also has been applied to covert communications for a data rate of 78 bits/s using a 3.6 kHz bandwidth (1.5-5.1 kHz) at a range of 52 km in the Baltic Sea. 5 In this paper, we analyze multi-carrier OFDM communications explored during the LRAC10 experiment. The contributions of this paper can be summarized as follows:
(1) Experimental demonstration of multi-carrier OFDM communications with a 50 Hz bandwidth (225-275 Hz) in deep water, achieving an effective data rate of 15 bits/ s at 550 km and 7.5 bits/s at 700 km range with a shallow source and a horizontal towed array. (2) Qualitative analysis of acoustic propagation in deep water using a simple ray theory when the distance between the source and receiver at shallow depths varies from 100 to 700 km, which is consistent with the characteristics of the channel impulse responses (CIR) observed (Figs. 2 and 3). (3) Due to the extremely sparse nature of the channel at long ranges (i.e., !500 km) with two distinct groups of arrivals separated by 550-750 ms (Fig. 4) , a sparse channel estimation method such as orthogonal matching pursuit (OMP) 3, 6 has proven essential to the successful operation of OFDM receivers. (4) Design of OFDM signals suitable for long-range acoustic communications in deep water to compensate for low SNR due to modest source level ($172 dB) at 75 m source depth, coupled with a large peak-to-average power ratio (PAPR) inherent in OFDM waveforms. 7 Specifically, an interleaver gain over multiple consecutive a) Author to whom correspondence should be addressed. Electronic mail:
tedkang@ucsd.edu OFDM blocks is exploited at the expense of data throughput while providing diversity in the frequency domain (Fig. 7) .
The rest of the paper is organized as follows. Section II describes the LRAC10 experiment. The channel characteristics are analyzed using a simple ray-tracing model and compared to measured channels in Sec. III. The OFDM receiver and performance are presented in Sec. IV, followed by a summary in Sec. V. In this paper, the 94.5 m long low frequency (LF) subaperture will be used consisting of 64 elements spaced at 1.5 m whose design frequency (500 Hz) is well above the frequencies of interest (225-275 Hz). Due to the relatively low power of the source being used ($172 dB), array gain from planewave beamforming of the received data is critical to provide adequate SNR for acoustic communications. As described in Ref. 1, the angle of arrival was estimated from a 250 Hz, 2 min long narrowband signal broadcast prior to the communication transmissions.
Various communication sequences including OFDM were put together to form almost an hour-long single transmission which was repeated every hour from the source. Data (1) low-angle refracted rays ð / j j 7 Þ and (2) high-angle surface-bounce rays ð7 < / j j 12 Þ. Group (1) contributes to the formation of convergence zones (CZ) at $50 km intervals out to $300 km that subsequently smear out in range. Group (2) interacts with the sea surface and penetrates deeper with a large cycle distance, thus ensonifying the otherwise shadow region between CZs. At longer ranges (i.e., > 500 km), however, both groups can contribute to the field. was collected nearly continuously over a 7-day period (JD255-JD261) as the FORA was towed from 100 km to 700 km range to the source. Initial modeling based on the measured CTD data predicted the existence of distinct convergence zones (CZ) at $50 km intervals out to $300 km that subsequently would smear out in range (see Fig. 2 ). In consideration of this and the relatively low power of the source being used, a range of 550 km was selected as the major operating area for an extended collection of data over 3 days. In particular, the arrow at 550 km range in Fig. 1 indicates a north-south track for the towed array with the source approximately broadside to the towed array and well-separated from the endfire towship (R/V Melville) noise, distinguished from mostly the endfire configuration at other ranges throughout the experiment. Then R/V Melville continued to tow the FORA in a zig-zag path until the end of the track at 700 km in an effort to provide slightly different arrival angles with respect to the array. There were no significant features in the deep-water bathymetry along the acoustic path.
III. CHANNEL ANALYSIS
In order to understand the channel characteristics for the source/receiver geometry in deep water, qualitative analysis of acoustic propagation is carried out using a ray tracing model (BELLHOP 9 ) and compared to the channel impulse response (CIR) observed during the experiment. An averaged sound speed profile from deep CTD measurements at the source location is displayed in Fig. 2(a) , and it is close to the archival CTD data during September in the NE Pacific Ocean except near the surface. The critical (or conjugate) depth is at around 3400 m (þ). A corresponding ray-tracing diagram is shown in Fig. 2(b) for a source at 75 m depth. The horizontal line denotes a receiver at 200 m depth.
Two distinct groups of propagating rays are identified depending on the emission angle at the source /: (1) low-angle refracted rays ð / j j 7 Þ and (2) high-angle surface-bounce (refracted-surface-reflected, RSR) rays ð7 < / j j 12 Þ. Group (1) rays contribute to the formation of convergence zones (CZ) with $50 km intervals out to $300 km that subsequently smear out as successive convergence zones get wider with increasing range. Note that group (1) rays refract upward at depths above the critical depth (þ). On the other hand, group (2) rays interact with the sea surface and ensonify the otherwise shadow region between convergence zones. At longer ranges (i.e., > 500 km), however, both groups can contribute to the field at 200 m depth with geometrical spreading plus absorption, essentially determining the transmission loss at those ranges [with additional loss for the group (2) rays interacting with the sea surface].
The channel characteristics based on this simple raytrace model are qualitatively consistent with the measured CIRs during the LRAC10 experiment. The OFDM data packets include a 10 s long LFM chirp (225-275 Hz) as a preamble for synchronization and channel estimation purposes [see Fig. 5(a) ]. Figure 3 shows the peak amplitudes of the CIRs as a function of range after beamforming. Higher peaks at CZs corresponding to group (1) rays are noticeable at $50 km intervals up to $300 km while smaller peaks are observed between CZs corresponding to group (2) rays. Note that no data was collected at range intervals of 400-500 km and 550-600 km. Representative CIRs are shown in Fig. 4 at four different ranges: [ Fig. 4 A few interesting observations can be made. First, only a single group of arrivals is observed at 110 and 250 km ranges where (a) and (b) correspond to group (2) and (1) rays, respectively. The maximum amplitude in (b) indicates a CZ at around 250 km, a multiple of the $50 km interval. It is not surprising to observe a large amplitude in (a) which is close in range to the source with a minimal number of interactions (2-3) with the surface. Second, both groups of arrivals are observed in (c) and (d) at longer ranges (>500 km) where the early weak arrivals corresponding to group (2) rays are followed by stronger group (1) arrivals. As shown in Fig. 2 , the surface-bounce paths penetrate deep below the critical depth passing through the region of high sound speed with a large cycle distance. As a result, group (2) rays travel faster than group (1) refracted paths trapped in the lower sound speed region. On the other hand, group (2) rays suffer energy losses by repeated encounters with the surface, which is evident by comparing amplitudes of the early arrivals in (c) and (d) with the one in (a). Third, the two groups of arrivals are separated by 550-750 ms in (c) and (d), resulting in an extremely sparse channel with a large delay spread. We will process the OFDM packets collected at these two ranges in Sec. IV C. While challenging, such a delay spread can be tackled effectively by OFDM receivers equipped with an OMP algorithm.
IV. OFDM COMMUNICATIONS A. OFDM specifications
The design of the OFDM data packet utilizing a 50 Hz bandwidth (225-275 Hz) is shown in Fig. 5(a) . It consists of a Higher peaks at CZs corresponding to group (1) rays are noticeable at $50 km intervals up to $300 km while smaller peaks are observed between them corresponding to group (2) rays. Only a single group of arrivals is observed up to 400 km (*) except one case while both of groups are shown mostly at longer ranges (>500 km) as shown in Fig. 4 . Note that no data was collected at range intervals of 400-500 km and 550-600 km. 10 s long LFM waveform (225-275 Hz), 2 s silence period, followed by an OFDM preamble and eight OFDM data blocks with each block being 11.52 s long. The LFM probe is used for synchronization and Doppler estimation. The OFDM preamble is not used for data processing presented in this paper. The FFT size of each OFDM block is 512 using QPSK modulation with subcarrier spacing of 0.098 Hz (50 Hz transmission bandwidth). The cyclic prefix (CP) length is set to 1.28 s, longer than the delay spread observed in Figs. 4(c) and 4(d) . The total packet duration is 115.68 s. Each OFDM block contains 336 data subcarriers or 672 low-density parity-check (LDPC) coded bits (one codeword) corresponding to a data throughput of 30 bits/s. The pilots used for channel estimation are equally spaced at every fourth subcarrier. Only 448 out of 512 subcarriers were used for pilots and data.
The bits in the OFDM blocks are permuted in order to make up for low SNR (i.e. <0 dB even after beamforming) resulting in part from a large PAPR 7 inherent in OFDM. This also is the reason for using a bandwidth of 50 Hz as opposed to the 100 Hz bandwidth used in the single carrier transmissions.
1 All eight OFDM blocks in a single data packet use the same LDPC coded bits, but the coded bits are mapped onto subcarriers after a random permutation in order to provide diversity in the frequency domain. This multiple transmission scheme with interleaving can be interpreted as a repetition code. The overall channel code then can be viewed as a serial concatenated code with outer repetition code and inner LDPC code. In fact, it has been shown that no other code is as efficient as a repetition code in a region of very high BER (20%-25%). 10 The role of the outer repetition code is to reduce the BER to less than the threshold of the LDPC code (usually $10% BER). 11 Once the BER reaches down to the operating range of the LDPC decoder, the inner LDPC code is able to handle the rest of the errors so that error-free communication is possible.
B. OFDM receiver
A block diagram for the OFDM receiver is shown in Fig. 5(b) . The receiver includes beam-forming, synchronization, Doppler compensation, OFDM demodulation, channel estimation, diversity combining, and LDPC decoding. The   FIG. 4 . Channel impulse responses (envelope) measured at various ranges: (a) 110 km, (b) 250 km, (c) 550 km, and (d) 700 km. Only a single group of arrivals is observed at the 110 km and 250 km ranges corresponding to group (2) rays and group (1) rays, respectively. At longer ranges shown in (c) and (d) (> 500 km), both ray groups are detected where the early weak arrivals correspond to group (2) rays followed by stronger arrivals corresponding to group (1). The two groups of arrivals are separated by 550-750 ms.
OFDM demodulator in Fig. 5(b) consists of a downconverter, cyclic prefix remover, and FFT. More details about the conventional OFDM demodulator can be found in Ref. 2. Synchronization is done by matched-filtering the LFM waveform at the beginning of the data transmission. Assuming the change in Doppler is minimal within the packet duration, Doppler compensation is done as follows (similar to Ref. 12 First, the receiver correlates two CIRs estimated from the LFM probes: one at the beginning of the current packet and the other at the beginning of the next packet. Then, the receiver finds the peak of the correlation and estimates the time duration of the received packet ðTÞ. Third, a Doppler scale factor (b) is estimated by comparing the original packet duration (T) with the received packet duration such that b ¼T À T À Á =T. Finally, the received waveform is resampled based on the estimated Doppler.
Channel estimation is carried out using pilot symbols on a block-by-block basis. Given the channel estimates at the pilot subcarriers, the channels at all other subcarriers are estimated by Orthogonal Matching Pursuit (OMP). 3, 6 Assuming a tapped delay line channel model, the OMP algorithm only picks the significant taps and estimates the selected taps of the channel so as to avoid over-parameterization and reduce estimation errors due to the ambient noise.
Finally, diversity combining across the OFDM blocks is achieved by Maximal Ratio Combining (MRC), followed by log-likelihood ratio (LLR) computation which is the input to the LDPC decoder.
C. Performance analysis
As mentioned in Sec. III, two OFDM sequences at ranges of 550 km and 700 km were analyzed. The corresponding CIRs are shown in Fig. 4 (c) and 4(d), presenting an extremely sparse channel with a large delay spread of 550-750 ms. As a result, the OMP algorithm is well suited for channel from broadside, respectively. Note a significant increase in beamwidth toward the endfire at 700 km range. The broad arrival around 60 -75 in both cases is from the towship (R/V Melville) noise. Other arrivals come from transiting ships. The output of the beamformer steered to the estimated source direction is a single channel time-series which is processed by the OFDM receiver described in Sec. IV. B.
The performance at 550 km range is shown in Fig. 7 (a) in terms of bit error rate (BER) versus the number of OFDM blocks combined. The input SNR after beamforming is estimated to be about À0.5 dB, quite low for underwater communications. Three different approaches are compared: (1) individual block performance without combining and coding (*), (2) MRC without coding (h), and (3) MRC with LDPC decoding (^). The BERs without combining (*) are quite high (20%-25%) due to a combination of low SNR and/or residual Doppler effects. However, the performance improves with an increase in diversity (MRC across blocks) and errorfree reception is achieved by combining two blocks with coding achieving an effective data rate of 15 bits/s. This confirms that diversity combining across the OFDM blocks (i.e., outer repetition code) effectively reduces errors. Once the error reaches about 10% BER, the inner LDPC code is able to handle the rest of errors and achieves error-free reception. It should be mentioned that error free reception would not be possible even after combining 8 OFDM blocks if conventional channel estimation methods (e.g., frequency-domain interpolation, MMSE channel estimation) were applied. Note also that the effective data rate is significantly less than that achieved with the LRAC10 single carrier results.
1 While the intent here was not to optimize the OFDM signal design, the lower rate is in part a direct consequence of the lower SNR due to the high PAPR inherent in OFDM.
Similarly, the performance at 700 km range is shown in Fig. 7(b) . The input SNR is estimated to be about À2.5 dB, lower than the SNR at 550 km, due to a combination of longer range and wider beamwidth toward endfire as shown in Fig. 6(b) . In fact, this is the motivation for the north-south track at 550 km range so that the source would be approximately broadside to the towed array. A behavior similar to the results at 550 km range is observed. To compensate for the lower SNR, however, diversity combining across four blocks is required to obtain error-free reception achieving an effective data rate of 7.5 bits/s.
Although not shown, simulations based on the measured CIRs [e.g., Fig. 4 (c) and 4(d)] and SNRs outperformed the experimental results shown in Fig. 7 . This is not surprising since these simple simulations did not include: (a) errors in Doppler estimation or OFDM block synchronization, (b) differential Doppler between the two dominant groups of arrivals, and (c) temporal variability of the channel over the duration of the OFDM packets.
V. CONCLUSIONS
The feasibility of long-range multi-carrier OFDM communications in deep water has been demonstrated between a moving source and a towed array. To make up for low SNR at long ranges coupled with a large PAPR, we have exploited an interleaver gain over multiple consecutive OFDM blocks at the expense of data rate. In addition, the extremely sparse nature of the channel resulting from two distinct groups of the arrivals (separated by 550-750 ms) required a sparse channel estimation algorithm (OMP) for successful operation of the OFDM receiver. Error-free performance was achieved at effective data rates of 15 and 7.5 bits/s at ranges of 550 km and 700 km, respectively, using a 50 Hz bandwidth (225-275 Hz) and QPSK modulation. 
